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The aim of this study was to apply an untargeted NMR and LC-MS based metabolomics approach to detect potential differences between an organically and a conventionally produced feed, that caused statistically significant differences in growth, in the response to an immunological challenge and in the gene expression profiles in the small intestine of laying hens. A fractionation procedure was set-up to create multiple fractions of the feed, which were subsequently analyzed by NMR and UPLC-TOF/MS operating in positive mode. Comparison of the profiles revealed that the most apparent differences came from the isoflavones in the soy as well as a compound with a molecular mass of 441.202 (M+1)+, which was identified as N,N'-diferuloylputrescine (DFP) and came from the corn.
Whether the observed differences in effects are due to the higher levels of isoflavones and DFP is unclear, as is the fact whether the observed differences are typical for organic or conventional produced corn and soy. However, this study shows that this metabolomics approach is suitable for detecting potential differences between products, even in levels of compounds that would have been overlooked with a more targeted 
Introduction
There is an increasing interest in products that are organically produced. Major reasons are the care for animals, the environment, but also the potential benefits for the health of the consumer (Finamore et al., 2004; Rembialkowska, 2007; Givens et al., 2008) . A large number of studies (Rembialkowska, 2007; Baker et al., 2002; Jestoi et al., 2004; Hoogenboom et al., 2008) have addressed the latter issue, focusing e.g. on differences in the residues of compounds used during production, like pesticides and veterinary drugs, but also on mycotoxins and environmental contaminants. Other studies addressed the potential contamination with micro-organisms or the resistance of micro-organisms against antibiotics (Philips et al., 2004; Pol and Ruegg, 2007, Hoogenboom et al., 2008) . However, also potential differences in primary and secondary plant metabolites are of interest since some of these compounds may affect human health in a positive or negative way (Caris-Veyrat et al., 2004; Asami et al., 2003; Schulzová et al., 2007) .
Differences in the fertilization and the use of pesticides may result in different levels of plant metabolites (Lydon et al., 1989; Daniel et al., 1999; Carbonaro et al., 2002) . A dilemma in all these studies is how to relate the composition of the agricultural product to health aspects. Furthermore, most of the studies performed in this regard focus on a limited number of compounds, which are assumed to be of interest or could have an effect (Bourn and Prescott, 2002; Magkos et al., 2003; Roose et al., 2009 Gall et al., 2003; Noteborn et al., 1998; 2000; Tikunov et al., 2005) , showing the opportunities of this approach.
Recently a large study was performed on potential differences in the health of laying hens raised on feeds prepared from either organically or conventionally produced ingredients like soy, corn, barley, wheat, peas and triticale (Huber et al., 2010) . Animals raised on the organic feed showed a stronger immune response after a challenge with keyhole limpet hemocyanin (KLH), but also a slower growth than the animals on conventional feed. Since other factors like housing were identical for all animals, the effects had to be somehow related to differences in the composition of the feed and thus the ingredients. In order to address these questions, a broad conventional analysis of both ingredients and feeds was performed, focusing on amino acids, vitamins, minerals and a selected number of secondary plant metabolites. However, such an approach is laborious and expensive and important differences may be overlooked. (Hajslova et al., 2011) . However, with this method high temperatures are sometimes required to volatilize metabolites. In the present study it was decided to apply an untargeted metabolomics approach, based on the use of both NMR and UPLC-TOF/MS, that is able to identify potential differences between products and is suitable for broader studies on the potential differences between organic and conventional food. The main advantage is that the approach is untargeted and as such may also detect novel compounds.
Materials and Methods

Samples from the chicken study
Chicken feeds, previously used in the animal study, were prepared with ingredients from organic or conventional production systems with an essentially identical composition. As primary ingredients for the feeds, wheat, barley, triticale, corn, peas and soy were used (Huber et al., 2010) . Ideally, ingredients were to be obtained from controlled cultivation systems, but this was only achieved for barley. For the other ingredients, neighbouring certified organic and conventional farms, with the same soil and climate, and following 'best practices' were chosen as the second best.
Furthermore, using the same variety of the product in theory would have been the best option. However, only for soy was this achieved. For the other ingredients, this was not realistic because of cultivation requirements for both types of production, so in those cases the varieties used were typical for the production system (see Table 1 ).
The chicken feed was adapted to the age of the chicken. Therefore, three types of chicken feed with different composition were prepared (see Table 2 ). Starter feed (ST) was given to the chicken from 0 till 6 weeks, grower feed (GR) was used to feed the chicken from week 7 till 17, and layer feed (L) was given to the chicken from 18 
Sample extraction and fractionation
The extraction was carried out following a modified protocol of that used in previous studies (Noteborn et al., 1998; 2000) . Four fractions were prepared from each chicken feed sample (Figure 1 ). Fraction B (low molecular weight apolar components) was obtained by using 240 mg of sample mixed in 3 ml of 200 mM NH 4 Ac. After vortexing the mixture for 30 seconds, it was centrifuged for 20 min and the supernatant was removed. This procedure was repeated 5 times in total, in order to remove the low molecular weight polar components present in the sample. The pellet was freeze-dried and then ground to get a very fine powder. This powder was then extracted 5 times with 2 ml of chloroform. The chloroform extracts were then pooled and dried under nitrogen at room temperature.
The resulting sample was stored at -20°C for analysis by NMR.
The extracted leftover pellet (high molecular weight insolubles) resulting from the preparation of Fraction B was dried under nitrogen at room temperature and subjected to methanolysis as a first step in obtaining Fractions C and D. For this, 20 mg of dried pellet was put in the Teflon container of a Parr bomb (Illinois, USA) and 0.5 ml of perchloric acid was added. After 40 min of careful stirring, 11.5 ml of methanol was added and the mixture was bubbled through for 2 min with argon, in order to remove oxygen. Then the teflon container was put into the Parr bomb and the latter was placed in a preheated oven at 100°C for 9 h. The content was transferred into a 60 ml glass tube to which 4 ml of chloroform was added. The sample was then further diluted with 40 ml was added. After extensive shaking, it was centrifuged in order to separate the two phases. The chloroform fraction was then transferred to a vial, dried at room temperature and kept at -20°C for analysis by NMR.
The polar phase (Fraction C) had to be deproteinized prior to analysis. This fraction was passed through a cationic exchange AG50 W-X2 column previously washed with methanol. The non-retained fluid was then transferred to an anionic exchange AG 4x4 column also previously washed with methanol. This deproteinized fraction was freeze-dried and kept at -20°C for analysis by NMR. were used to ensure optimal field homogeneity and optimal reproducibility of the magnetic field. The 1 H NMR spectra were recorded at 400.13 MHz at 300.0 (± 0.05) K on a Bruker Avance 400 narrow bore using a 5.0-mm probe. The spectrometer settings were: 2 s relaxation delay, number of scans 128 (4 dummy scans) (for Fraction C, 1024), spectral width of 5000 Hz, a 60 degree pulse and 16 K data points. Prior to data analysis the raw NMR data were subjected to a squared sine bell filter (shifted ½ pi), zero-filling to 128 K data points, Fourier Transformation and phase correction.
NMR analysis
UPLC-TOF/MS analysis
The study of Fraction A of the chicken feed and of the individual ingredients was carried out by diluting the NMR samples 10 times in CD 3 OD/D 2 O (60:40, v/v) and injecting 5 µl of each sample on the system described below. The injection sequence was randomized according to Vos et al. (2007) . The analyses were performed on a LCT Premier LC-TOF-MS system (Waters, Milford, MA, USA) equipped with a dual spray electrospray source. The lock mass calibrant (leucine/enkephaline) was measured every 10 scans. The gradient was provided by an UPLC system (model Acquity, Waters) with a 150 mm x 2.1 mm UPLC BEH-C8 with 1.7 µm particles (Waters). The mobile phase consisted of water, acetonitrile and formic acid (A:100/0/0.2 and B: 0/100/0.2).
Gradient elution was performed at 0.4 ml min -1 . The initial eluent composition, 100%
A, was kept for 2 min after which the composition was changed to 70% A in 13 min.
This composition was maintained for 5 min and afterwards, the eluent composition was 
UPLC-QTOF-MS/MS analysis
The measurements were performed on an Acquitity UPLC (Waters, Milford, MA, USA) coupled via ESI interface to a Bruker microTOF-Q (Bruker Daltonics, Bremen, Germany) system operating in positive mode. 20 µl of sample were injected and separated on a 150 mm x 2.1 mm UPLC BEH-C8 column with 1.7 µm particles (Waters). The flow rate was set at 0.4 ml min -1 . Since the retention time of the compound of interest was known, the gradient used was similar to that described above but adapted to run in a shorter time. Briefly, the initial eluent composition, 95% A, was kept for 1 min and was changed to 70% A in 5 min. This composition was maintained for 2 min and then, the eluent composition of B was increased again till 70% B in 4 min.
Afterwards, B was increased to 100% in 0.5 min and kept this way for 2 min more. For MS/MS analysis, the capillary voltage was set to 3500 V, the nebulizer gas to 2 bar, the selected. The collision energy was 15 eV and nitrogen was used as the collision gas.
Full spectra were collected at m/z 50-700. Instrument calibration was performed externally prior to each sequence with a sodium formate/acetate solution.
Data Analysis
The NMR data were pre-processed and aligned using an in-house developed program (Noteborn et al., 2000; Lommen et al., 1998) . The LC-MS data sets were pre-processed and aligned using the metAlign TM software package (Lommen, 2009 ) (a free download is available at http: http://www.metalign.nl/UK/). Both software programs were used to generate differential data sets (using univariate statistics) where required in this study. Besides this, the aligned fingerprint data -1 H-NMR as well as UPLC-TOF/MS-in the form of generated spreadsheets were subjected to multivariate analysis using Genemaths XT (http://www.applied-maths.com/genemaths/genemaths.htm). An investigation of differences in metabolic profiles was done for the chicken feed prepared with organically and conventionally produced ingredients, as well as for the organically and conventionally cultivated soybean and corn samples.
Results and Discussion
The four fractions of the chicken feed, prepared as described above and depicted in Figures 2A, 2B and 2C it can be clearly observed that differences between the three different types of feed (starter (ST), grower (GR), layer (L)) were much larger than the differences between the six technical replicates and also than the differences between the two production types, organic or conventional. The differences between feed samples, as deduced from the apolar components of the monomer methanolysis products of high molecular weight ( Figure 2D ) were less clear and smaller. The differences between the various types of feed on the one hand, and feeds produced from ingredients from the two different production types will be further discussed below. were expected due to their different composition with respect to the ingredients (see Table 2 ). At the same time, this result confirms the potential of the approach to detect quantitative differences in the levels of different components in the feeds.
A different way of examining the differences between the various types of feed is given in Table 3A , showing an ANOVA performed for p<0.05, either with or without a Bonferroni correction; the latter is used to take into account the effects of multiple testing on increasing the chance to find significant differences. Using this technique, the fraction of identified peaks that show a significant difference in terms of peak area was calculated. It is clear that many NMR peaks survived this selection, indicating the existence of significant differences. This is especially true when the comparison is based on the different types of feed, which can be explained by the different composition. However, also when looking at the production type, a number of significant differences can be observed, especially in the low molecular weight polar fraction (A) (see below).
From the peak loadings giving rise to the separation of samples in the PCA in Figure 2 , it was possible to create a list of resonance positions, which contributed most to the observed separation between the types of feed. Using such a list and the original 1 H-NMR data, positions of interest in the spectra could be localized for identification.
This constitutes an untargeted way of searching for differences in samples. The first principle component (x-axis) in the PCA in Figure 2A was primarily arising from resonance peaks of aromatic protons of isoflavone derivatives. Figure 3 , shows an In Fraction B, which contained the low molecular weight apolar components, also differences between the various types of feeds were found (see Figure 2B ). These were related to the acyl group (i.e. fatty acid) composition. It was observed that the ST feeds had a higher proportion of saturated and mono-unsaturated acyl groups, whereas the L and GR feeds had a higher proportion of polyunsaturated groups. Among the fractions of high molecular weight components, the largest differences between the types of feed were detected in the polar fraction (see Figure   2C ). After examination of the peak loadings it could be noted that Fraction C showed higher amounts of monomerized sugars in the ST feeds than in the L and GR feeds. The differences in the apolar fraction were shown to be minimal and therefore not further examined (see Figure 2D ).
Differences between organic and conventional feeds
As shown in Figure 2A (see clustering of samples in PCA), there were also differences between feeds prepared with organically and conventionally produced ingredients, although these differences were much smaller in comparison to the differences between the types of feed (ST, GR and L) (see also Table 3 and additional file figure S3 , which shows the MetAlign pre-processed chromatograms of organic and conventional grower feed). A complicating factor in analyzing the effects of organically and conventionally produced feed in the reference study (Huber et al., 2010) was that the feed composition of ST, GR and L (used in different phases of growth, Table 2 ) was different. These differences in composition also complicated the search for feed factors that might have caused the differences in effects. A way to look for consistent feed-independent differences between organically and conventionally produced feeds was by regrouping the ST, GR and L data in 2 groups, respectively organically and conventionally produced feed. The results of this approach are given in Figure 4A and 4B for fraction A analyzed by NMR and UPLC-TOF/MS respectively, as well as in Table 3 part B.
This table shows that there is still a significant number of peaks surviving after ANOVA (p<0.05). The peak loadings resulting in Figure 4A (Fraction A analyzed by 1 H NMR)
suggested that there might be a trend in different isoflavone contents. This trend, which (Huber, 2007) .
Apart from these isoflavone signals, a distinct mass of 441.202 Da (M+H) + was observed as a difference in the UPLC-TOF/MS data. This mass came out of the multivariate analysis in Figure 4B and was a "survivor" mass peak in Table 3 Miller et al., 1996) . This analysis, which was also done in 6 fold, showed that the organic sample contained more than two fold higher levels of DFP.
This finding could be of interest because DFP has been found to have antibiotic activities against certain pests in corn (Arnason et al., 1992) , to prevent aflatoxin (Choi et al., 2007) .
Relation between feed composition and observed health effects
Although at this point it is not possible to ascribe the effects observed in the chicken study (Huber et al., 2010) to the differences in the composition found between the feeds of different origin, it is noteworthy that using the untargeted approach herein described, differences in the content of several bioactive compounds such as isoflavones (Sakai and Kogiso, 2008) and DFP (Choi et al., 2007) have been found. Additional classical analyses, in which individual feeds (i.e. ST, GR and L) of both production types (i.e.
organic and conventional) were compared, also showed results on the isoflavones compatible to the above (Huber, 2007) . However, differences in the content of DFP between both types of feed were overlooked. At the same time it should be clear that even an untargeted metabolomics approach will not cover the full range of possible compounds; for instance, compounds that do not ionize in positive mode will not be detected in the UPLC-MS approach used in this study. Also proteins and peptides are not determined and trace contaminants will not be within the dynamic range of the applied techniques.
Conclusions
This paper has shown that the chemical fingerprinting of the ingredients and chicken 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 or by UPLC-MS or both, could be used as a straightforward method to profile feeds .
One of the biggest advantages of this metabolomics approach, compared to classical analysis, is that within this approach, only when differences are found, there is a need for identification of the responsible compounds. Furthermore, using an approach as the one described, a wide range of both known and potentially unknown metabolites can be covered. The untargeted metabolomics approach described in this paper has allowed us to find differences in the composition of the various chicken feeds prepared from organic and conventionally produced ingredients which were not detected in the broad classical analysis. The observed differences were due to the higher content of a compound with mass 441.202, identified as DPF, in the organic feed. In addition higher levels of isoflavones were detected, as also observed in the targeted analysis.
Even though the feeds were found to be different, this study could not answer the question whether the differences were typical for the organic and conventional production systems. Although efforts were made to include samples from controlled trials, this was not always possible. Therefore, it cannot be excluded that some of the differences observed were due to varietal and/or production differences, not related to organic or conventional practices. For this question to be answered many more products from each production type should be analysed to have an idea what the average situation is in practice. In this respect, application of untargeted, broad analytical techniques may allow a better examination of differences between products from different production types and hence allow a better selection of representative samples used for animal studies.
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